Introduction
In recent years, various investigations have proved that high− −contrast gratings (HCGs) are efficient mirrors that have reflec− tion coefficient exceeding 99% for large bandwidth [1] [2] [3] [4] [5] [6] [7] [8] . This makes them perfect candidates for applications in femto−se− cond lasers or tunable light sources, where their small thickness is an additional merit as the reduced mass helps to improve the modulation speed [9, 10] . Furthermore, the anisotropic struc− ture of HCGs makes them-contrary to, e.g., distributed Bragg reflectors (DBRs)-strongly polarization dependent elements, which can be applied for the solution of one of the biggest problems of vertical−cavity surface−emitting lasers (VCSELs), namely the polarization instability of the emitted light.
The main problem with application of HCGs in popular designs of VCSELs is the difficulty with precise numerical modelling of their properties. The main operation principle of such mirrors is high−order diffraction which cannot be correctly considered by popular scalar numerical models like, e.g., effective index method. For this reason, it is nece− ssary to apply the fully−vectorial methods. However, they require significantly larger numerical effort as compared to the scalar ones. For this reason, for a long time, only a sim− plified two−dimensional analysis of HCGs was feasible. Since recently, development of advanced semi−vectorial nu− merical methods like coupled−mode model [11] or plane− −wave admittance method (PWAM) [12] made it possible to perform precise three−dimensional numerical analysis of VCSELs incorporating HCGs.
This article presents an application of the modified PWAM for analysis of HCG mirrors that possess various defects resulting from imperfect manufacturing process. Its main part consists of three sections. First, I present the ele− ments of the modified PWAM, which are crucial for precise numerical modelling of HCGs. Next, I show the quantitative analysis of the reflectivity of the imperfect mirrors and I estimate what order of precision is necessary for their application in VCSELs. Finally, I consider a typical design of 1.3−μm VCSEL with top DBR replaced with HCG mirror. In the end, I conclude.
Basis of a numerical method
In order to correctly investigate all properties of HCGs, it is necessary to modify the original plane−wave admittance method presented in Ref. 12 , by replacing the admittance transfer algorithm with more general transformation of the reflection matrix. It allows us to determine the reflection coefficient of the mirrors and also to consider the high−order diffraction effects. Below, I briefly list the main ideas be− hind the method without going into details, as they are exhaustively described in Refs. 12 and 13. However, I show the particulars of the transformation of the reflection matrix and its specific application for modelling of HCGs.
In general, plane−wave admittance method, as well as its modification named plane−wave reflection transformation (PWRT), is capable of determining eigenmodes of any pla− nar photonic structure. It solves Maxwell equations in a fre− quency domain by using a plane−wave expansion within each layer and an analytical solution in perpendicular direc− tion. Such approach is possible due to transformation of the EM field to the diagonal coordinates. In particular, the Maxwell equations are first transformed into second−order matrix equations of the form magnetic field functions defined over the computational domain. By definition xy plane is parallel to the layers of the analyzed structure and z direction is perpendicular to it. The matrices Q E and Q H are computed by applying lateral dif− ferential operators present in Maxwell equations on a set of basis plane−wave functions. The exact forms of these matri− ces, together with derivation of Eq. (1), are presented in Refs. 12 and 13. In general, the super−vectors E and H as well as the matrices Q E and Q H have infinite dimensions. For practical use, they must be truncated to some finite size, however, thanks to the use of plane−wave expansion, they can be much smaller than it would be necessary if finite− −difference discretisation was used.
Equation (1) can be transformed into a set of decoupled equations ¶ tically as there is no coupling between the modes with dif− ferent propagation constants. In the original PWAM, the fields are matched using the admittance transfer technique and the eigenmode is found by searching for a complex frequency that yields a non−zero EM field distribution. As such approach requires the electric field to be zero at the top and bottom edge of the structure, it is necessary to introduce perfectly matched absorbing layers surrounding the analysed structure. Furthermore, it is im− possible to specify any external incident field, which is ne− cessary for determining the reflectivity of the mirrors.
For this reason, in the modified approach, the admit− tance transfer is replaced with the transformation of the reflection matrix, which is based on the transformation of the reflection coefficient [14] . In this method, the solution of Eq. (2) for each layer is chosen to have the form
whereF denotes the amplitude of the forward propagating wave andB is the amplitude of the backward propagating one. The main idea behind the transformation of the reflec− tion matrix is an iterative determination of the reflection matrix R, which is defined in each layer as a relation betweenF andB such that~F
We assume that in the first layer there is no in−going field (we will introduce any optional incident field in the last layer). Thus, theF º 0 and so, R = 0. The reflection matri− ces in the consequent layers can be determined in an itera− tive process by using the requirement that the electric and magnetic field are continuous at layer interfaces.
By proper choice of units of the magnetic field, it is pos− sible to show that in diagonalised domain it has a form of
which can be derived from Eq. (4). The requirement of the continuity of the fields between n−th and (n +1)−th layer can be expressed as
) and d n is the thickness of n−th layer. Using Eq. (5) we can obtaiñ~(
This, after simply algebra, gives the reflection matrix for the (n + 1)−th layer of the form R e h e h n n n n n + -
The reflection matrix obtained in this way can be di− rectly used for computation of the reflection coefficient of a mirror or for determination of eigenmodes in VCSEL ca− vity. For the latter purpose, it is sufficient to require that at both bottom and top edges of the laser structure there were no incident field and the same root−finding algorithm as in classical PWAM can be used. However, there is no need to use vertical absorbing boundary conditions, as both the top−most and the bottom−most layers can be considered as having infinite thicknesses.
The reflection coefficient can be easily computed once the reflectivity matrix for the last layer is determined. It is sufficient to specify any incident field profile, compute the reflected field, and determine the total flux of all the non− −evanescent modes. In the calculations presented in this arti− cle, the incident field has a form of a plane−wave perpendi− cular to the mirror surface.
The method shows a very good agreement with other numerical approaches, like rigorous coupled wave analysis (RCWA) [1] . Figure 1 
Properties of imperfect HCGs
Equation (13) allows us to compute a profile of the reflected field for any chosen incident wave and, thus, to determine the reflection coefficient of the mirror. In order to investi− gate the quality of imperfect HCG mirrors, I calculate the total reflected power flux for the incident plane wave per− pendicular to the mirror. The analysis is performed for a sili− con−on−silica grating shown in Fig. 2 , which is based on the structure presented in Ref. 4 . The parameters of the ideal grating are optimized to provide maximum reflectivity for the wavelength of 1.3 μm. The refractive indices are typical values for silicon ( . ) n g = 348 and silica ( . ) n l = 147 . The grat− ing period is Ù = 0 567
. , its thickness t g = 0 373 . μm and the fill factor f = 065 . . The number of plane−waves used in computations is 41.
The incident light is illuminating the grating from the side of silica substrate (i.e., from "inside"). The computed reflectivities for two orthogonal polarizations are shown in Fig. 3 . From the figure, it is evident the mirror shows high reflectivity for the light polarized perpendicularly to the grating within almost 200−nm wavelength range. At the same time, the light with polarization parallel to the grating is reflected at most in 50%. In practice, this means that such mirrors are strongly dichroic and only perpendicular polari− zation has a chance to play any role in lasing of the VCSEL.
Large bandwidth of high reflectivity is a significant advantage of HCG mirrors over DBRs. It can be applied in tunable lasers as well as in very short pulse lasers (down to femtoseconds). However, in the latter case, group delay (GD) of the mirrors is a property of equal importance to the high reflectivity. Figure 4 shows both these parameters as a function of the wavelength. It can be seen that the group delay of the analyzed mirror is low within the range of our interest and, which is even more important, it does not show any high oscillations.
The imperfections of the HCGs can be of several kinds. In this article, I investigate the impact of imprecise mask design and etching depth on the properties of the mirror. In As one can see, even small variation causes significant drop in reflectivity. As typical photo−lithography precision is around 10 nm, it can be seen that mirror reflectivity can drop by 0.5% for s = 10 nm. Larger manufacturing errors can make the mirrors unusable in VCSELs as the reflec− tivity can drop well below 90%. The largest allowed error, for which the mirrors reflect more than 99% of the incident light, at least in half of the cases is s = 15 nm. The stronger requirement of reflectivity exceeding 99.9% is fulfilled if the error is not larger than s = 6 nm. This clearly shows that the main physical phenomenon behind the properties of HCG mirrors is Bragg reflection, where the perfect perio− dicity plays crucial role. This contrasts with most of the today's designs of photonic−crystal VCSELs, where the most important factor is reduced effective index of the pho− tonic crystal area [15] .
Another test that I performed is an analysis of precision of the etching depth. In the ideal case, the Si bars should rest fully separated on a SiO 2 layer. In other words, the spaces between the bars should be etched with a depth exactly equal to the thickness of the Si layer. In reality, this may not always be the case, as the etching can be slightly deeper or slightly shallower. However, locally one can assume the uniform etching conditions, thus the depths of the adjacent etched areas should be the same.
In order to investigate the impact of the etching depth precision on the performance of HCG mirrors, I compute their reflectivity for various etching depths t e . The incident light is the same as in the previous case, i.e., the polarization is perpendicular to the bars and the wavelength is 1.3 μm. The results are shown in Fig. 6 . As one can see, too shallow etching causes its strong decrease in reflectivity. On the other hand, too deep etching does not influence the results significantly. Furthermore, 3−nm etching of the SiO 2 layer can increase the reflectivity slightly, although this effect is so weak that it is negligible in practice. However, the main conclusion is that it is desirable to etch the space around the bars a little more than desired in order to provide the opti− mum mirror reflectivity even in the presence of the manu− facturing imprecisions.
VCSELs with HCG mirror
As I have already written, HCG mirrors can be particularly useful in some designs of VCSELs. However, the require− ment for the reflectivity high enough to provide laser action (which is around 99.8%) requires very precise design and avoidance of manufacturing errors. Hence, in this section, I perform an investigation of the optical properties of a sam− ple VCSEL that has its top DBR replaced with HCG. The structure of the analyzed laser is shown in Fig. 7 . It consists of 2−l GaAs/AlGaAs cavity possessing a quantum well in one anti−node and oxide aperture in the second one. The bot− tom mirror is constructed from 29 pair of GaAs/AlGaAs quarter−wavelength DBRs. At the top there is a Si HCG se− parated by a SiO 2 cap layer that provides low−index on both sides of HCG, necessary to obtain high−reflectivity [4] . The cavity and the bottom DBR is designed for the wavelength 2 with k being arbitrary integer positive number). However, as the cap thickness increases above~. t l = 10, the consequent maxima correspond to lower and lower Q−factor. This can be contributed to the fact, that the finite size of the grating causes an increase in scattering losses, as a divergent beam is not fully back−reflected to the active region.
As shown in Fig. 5 , the reflectivity of the HCG strongly depends on the precision of its manufacturing. Hence, appli− cation of such imperfect grating in VCSEL should influence the optical losses and quickly decrease the Q−factor. Numer− ical analysis of this effect is shown in Fig. 9 . The computa− tional procedure is identical to the one used for generating Fig. 5 , however, each point was averaged over 100 simula− tions instead of 1000 (which is due to the larger numerical effort necessary for determining the proper VCSEL modes). The resonant wavelength is obviously unaffected, as it is determined by the cavity itself and not the quality of the mirror. As one can see, even 10−nm error can lead to the double reduction of the Q−factor. This must be taken into consideration in the designs of the devices that are to be pro− duced on the industrial scale. Furthermore, the presented analysis did not consider the effects of the surface rough− ness of the bars, which to some extent is inevitable in lithography process.
Conclusions
In this article I have presented a modification of the plane− −wave admittance suitable for computation of high−contrast sub−wavelength grating reflectivity. I have applied this method to determine the reflectivity and group delay of the Si/SiO 2 grating. Next, I investigated the influence of the manufacturing imprecisions on the optical properties of such mirrors. The pre− sented results clearly show that 15−nm lithography precision is important for ensuring more than 99% reflectivity. Although the large bandwidth makes it possible to alter the period of the grating by more than this value, it is important to ensure good periodicity of the structure.
In the second part of the article I have shown that HCG can be successfully applied in VCSELs as a replacement of the distributed Bragg reflector. However, this requires an additional low−index cap layer of at least quarter−wave− length thickness. Again, the manufacturing precision is very important, as any disturbance of the grating periodicity, reduces the reflectivity of the HCG mirror and in conse− quence the Q−factor of the VCSEL cavity.
In conclusion, high−contrast gratings are prospective structures for application in VCSELs as replacements of DBRs. However, special care needs to be taken in order to ensure sufficient precision of their manufacturing, espe− cially in order to ensure high periodicity of the grating. The 10−nm precision, which can be achieved with today's tech− nology is sufficient for most cases if the deterioration of the cavity Q−factor is taken into account in the design of the laser.
